We examined the variation of stygofauna composition collected in wells, along a gradient in groundwater salinity/conductivity in a coastal aquifer from southern Portugal. The studied coastal aquifer is considered vulnerable to salinization due to seawater intrusion, caused by overexploitation of the aquifer. Knowing the response of the stygofauna species to present levels of groundwater salinity makes it possible to understand and measure the effects of saltwater intrusion on stygofauna, rendering them potential bioindicators of this environmental pressure. Biotic and abiotic sampling was conducted in six shallow wells located in the fresh-saltwater interface of the Arade estuary along the salinity gradient established in the groundwater from the estuary to inland locations (microSiemens/cm). Groundwater salinity was highly correlated with taxa distribution.
INTRODUCTION
The change in precipitation and temperature regimes induced by climate change is predicted to be especially relevant in Mediterranean countries, translated into significantly decreased surface flows and aquifer recharge and discharge (Santos et al. ) .
Coastal aquifers are more sensitive to disturbance compared to other aquifer types (Bear et al. ) . Human activities also induce alterations on groundwater (GW) resources in coastal aquifers through prolonged withdrawals, leading to alteration of aquifer habitats and the associated groundwater dependent ecosystems (GDEs) (Silva et al. ) . In fact, the combined effect of prolonged and large extractions from the aquifer and reduced recharge in coastal areas can intensify seawater intrusion, which is one of the most widespread phenomena of GW contamination in these areas (Kim et al. ; Somay & Gemici ; Wang & Jiao ) . GW habitats display a high biodiversity, especially crustaceans (Gibert & Culver ; Deharveng et al. ) . Hypogean faunal studies in Portugal have an old and rich history compiling more than 130 publications related to subterranean invertebrates (Reboleira et al. ) . Based on the bibliographic analysis and literature survey by Reboleira et al. () , 67 stygobiont species and subspecies from 12 orders were introduced for this area. However, pioneer stygofauna data on composition and distribution have been collected mainly in caves (Reboleira et al. , ) and very little information exists on aquifer stygofauna. The study of GW amphipods by Notenboom also reviewed a previous publication that pointed out the occurrence of GW amphipods in the Iberian area including the Portuguese ecosystem (Notenboom ) .
The qualitative status of GW is generally based on its physical-chemical monitoring, which covers most of the contaminants relevant for human health (WFD ). However, to identify environmental impacts, it is required to broaden the monitoring to stygofauna and its associated ecosystems conditions. The use of stygofauna as biological and ecological indicators has been emphasized by many authors (Danielopol et Scarsbrook & Fenwick ) and oxygen and redox conditions (Mösslacher , ) . The present study aims to be one of the first examining the response of stygofauna to salinity shifts in coastal aquifers related to saline intrusion.
Stygofauna communities in coastal aquifers are highly vulnerable to abrupt changes in their environment due to their special nature: narrow distribution, high endemism, resource specific (e.g. food and O 2 levels), poor dispersal capacities and less competitive than more tolerant epigean species ('surface waterspecies') (Stock ; Culver & Sket ) . The variation of stygofauna groups, mainly abundance, has been shown to respond to environmental changes such as excessive pumping and habitat modification (Rouch ; Longley ) . In the Kolbental Valley, Germany, stygofauna on a surface GDE revealed to be much more sensitive indicators to the effects of GW pumping than hydrochemistry parameters (Hahn ) .
The Querença-Silves aquifer is located in south-west Portugal (Figure 1 ). This aquifer is the most productive and important GW reservoir in South Portugal due to its large area and significant recharge. Previous studies ruled with different climate scenarios were used to predict the future climate change impact on this aquifer net recharge and, consequently, the output to GDEs and water quality conditions in different wells (Stigter et al. ) . The used models predicted a significant increase in the mean temperature for future years and, consequently, an expected increase in GW demand for crops. At the same time, and despite the inherent uncertainty, an overall decreasing trend in aquifer recharge towards the end of the century is predicted by the models. The combined effect of decreasing recharge and increasing extraction is foreseen to lead to an overall decreasing trend in GW levels, which is likely to cause recurrent saline intrusion into the aquifer, threatening its ecosystem stability (Stigter et al. ) .
The aims of the present study were two-fold: (i) to examine the variation in stygofauna composition with differing levels in water salinity/conductivity; and (ii) to evaluate their potential use as salinity biomonitoring tools in coastal aquifers. Specifically, reliable assessments of GW biodiversity response to stressors are considerably useful to help resolve current and future issues relating to coastal aquifer sustainable management. The present study also adds novel data on Portuguese stygofauna which remains largely unknown.
STUDY AREA
The study area is located in the discharge zone of the Querença-Silves aquifer on the costal fringe of the central Algarve, in southern Portugal (Figure 1 ). It covers an irregularly E-W elongated area of 324 km 2 . The aquifer is mainly used for irrigation, particularly of citrus orchards (31 × 10 6 m 3 /year) and for public water supply (around 10 × 10 6 m 3 / year). In extremely dry years as in 2005, the total abstractions of the aquifer reached 60 × 10 6 m 3 /year, representing more than half of the annual aquifer recharge rate (Stigter et al. ) . This region is characterized by a warm Mediterranean climate with dry and warm summers and cool and wet winters. The mean annual temperature and precipitation for the 1980-2010 period were 17.5 W C and 739 mm, respectively (Stigter et al. ) .
Hydrogeology, land use and future climate scenarios This surface/GW interface zone is ecologically important and some ecotones are classified as protected area. The results of future climate modeling scenarios for rainfall (P) and temperature (T ) suggest a significant increase for T and strong decrease for P in the studied zone. These changes in climate will likely have an influence on total and net recharge, both by the higher potential evapotranspiration due to higher T (which also leads to higher irrigation needs) and by lower precipitation (Stigter et al.
).
Land use at the study zone is mainly defined by irrigated citrus culture in the western sector overlying the aquifer, and 
METHODS

Study design
The stygofauna survey was made through sampling in shallow (water depth) and wide wells in December 2010. An a priori inventory of the shallow wells was made in order to select wells with distinct degrees of water salinity to obtain a gradient. The presented study considered the well salinity and location as factors, with location nested within salinity.
Wells with higher salinities were located near the estuary and wells with lower salinities were located inland ( Figure 1 ).
In total, six shallow wells were sampled for water physico-chemical parameters and stygofauna community composition, categorized as follows:
(i) Wells with high salinity corresponding to electrical conductivity (EC) >6,000 μS/cm. These included wells number Q1, Q2 and Q3 located very near the Estômbar channel of the Arade estuary, as well as number Q5 located next to the Arade river where it still receives saline water due to the tidal influence ( Figure 1 ).
(ii) Wells of low salinity with EC <1400 μS/cm, including well numbers Q4 and Q6 (Figure 1) , several hundred meters further away from the Arade estuary/river.
We considered our salinity categorization suitable as it incorporates the amplitude of the 31 inventoried wells, also giving a wide value gap between the categories, maximizing the potential to identify community responses. This gap limited the number of potential well replicates for each category.
Wells Q1 (3 m depth) and Q2 (4 m depth) are located in the Parque Municipal das Fontes de Estômbar (the Municipal Park of the Springs of Estômbar, important discharge points of the Querença-Silves aquifer). Well Q3 (4 m depth) is a private well for domestic use located a few meters away from the park. It is a shallow well with around 4 m depth. Well Q4 is a large diameter well with more than 10 m depth. Wells Q5 and Q6 are also abandoned wells with 2 m and more than 30 m depth, respectively.
From the total of six wells, at least two wells per salinity category were sampled once, stygofauna and water. Three replicates per well were considered for fauna assessment.
No temporal patterns were examined.
Water and faunal sampling
Well-dissolved oxygen (DO) (mg L -1 O 2 ), pH and depth (m)
were measured directly in the field with portable meters at each sampling occasion. Temperature ( W C), hydraulic head The average value of the entire measurement was considered for mentioned wells. Wells Q3 and Q6 did not have probe surveys, but the average value of five in situ temperature and EC measurements were calculated. All the measured parameters are key in GW characterization and therefore, were deemed relevant to relate to stygofauna distribution.
A phreatobiological net of 40 μm was used to sample the stygofauna associated with the well sediment and water column. This net is a standard stygofauna sampling method with semi-quantitative data (Cvetkov ; Gibert Other groups were identified to higher classification levels such as family or order.
Data analysis
Multifactorial analyses were performed in the PRIMERþ
The PERMANOVA test was used to evaluate whether there were significant differences in fauna assemblage between the examined factors. Two factors, location (Q1-Q6) and salinity (high and low salinity) were con- 
RESULTS
Abiotic characteristics and faunal general characterization
Water physical characteristics are provided in Table 1 .
Although well Q6 was considerably deeper than the others, the water parameters were very similar between all, with the exception of EC, which reflected the salinity gradient aimed in our study. Table 2) .
Pattern of species distribution
The species distribution was statistically explained by the factor location reflecting the nested salinity gradient ( Table 3 ). We did not include pairwise tests for factor location in this study since location was designed as a random factor nested within high and low levels, therefore rendering it unimportant to prove differences between wells (i.e. locations) that 'belonged' or that were considered equal within each level. The 'location' p-value (Table 3) already proves that there are differences at the smallest sample scalewell within salinity level, but our level criteria related to the hypothesis was salinity concentrations, a much more interesting question from our point of view.
The PCO results displayed in Figure 2 were generated with all species and the taxonomic group of taxa which were not identified to species level. The PCO plot was ordi- (Table 2) .
SIMPER analysis I
The results of SIMPER analysis within location showed high dissimilarity between all wells (dissimilarity >60%, Table 4 ).
The highest dissimilarity was observed between wells Q2 and Q5 with 100%, Q2 and Q3 with 96% and Q2 and Q4 with 96%.
Wells of low-salinity conditions (Q4 and Q6) presented a mixture of epigean stygoxenes and three obligate GW dwellers (E. graeteri, Megacyclops brachypus and A. sensitivus).
The dissimilarity between these two wells was related to the total number of amphipods and cyclopodia. Dissimilarity between wells Q1-3 and Q5, which correspond to high-salinity waters, short distance to the sea and lower water depth (<4 m), was high and this is probably due to presence of rare and endemic species at each location. hadjebensis and A. sensitivus were found at this location (Q4) and were absent in all the wells with highsalinity conditions. Hence, the presence of stygobites in well Q4 accounted for the dissimilarity between this well and other high-salinity conditions (Q1, Q2, Q3 and Q5).
However, the obligate GW species E. graeteri had the highest abundance at Q5 corresponding to the furthest location from the sea but still with high salinity. The time series of EC measurements for this well indicated a high amplitude of salinity variations, from 40,000 μs/cm from August to mid-September and <2,000 μs/cm in May. This wide range of salinity variation is linked to the movement of the fresh/ saltwater interface, moving inwards in the dry season and pushed back by higher aquifer discharge during winter and spring. Well Q6 contained two individuals from the Melitidae family that contributed to dissimilarity between well Q6 and other wells. Generally, our results suggest that the samples dominated by non-stygobites are affected by a surface water.
SIMPER analysis II
The SIMPER analysis was also performed to measure dissimilarity for factor salinity. The results showed a high average dissimilarity (86.36%) between high-and low-salinity wells. The taxa that contributed the most to differentiating between the two groups of wells are presented in Table 4 . Results of the Simper analysis in this study indicated that the taxa which contributed the most to dissimilarities between well groups were the total number of Cyclopoida (15% weight) which, together with the species C. ophtalmica (Ostracod) and M. albidus (Copepod), represented 35% of the dissimilarities.
Stygofauna relationship with abiotic variables
The abiotic parameters EC, pH, depth, temperature, hydraulic head and dissolved oxygen were sampled to assess their influence on the distributional pattern of the stygofauna species from the Querença-Silves aquifer. The BEST analysis in Table 5 shows the correlation between the selected environmental parameters and spatial distribution of species 
DISCUSSION
Stygofauna occurrence and distribution according to the salinity gradient
The distribution of stygofauna is significantly influenced by hydrological interactions and anthropogenic impacts at a regional scale (Humphreys ) . The current study examined the potential use of GW associated organisms to detect anthropogenic impacts such as saline intrusion.
Here, the regional survey within the shallow layers of the There are other factors controlling dispersal ability in stygofauna such as their elongated developmental cycles, low ability of productivity and lack of dispersal in larval stage (Dole-Olivier et al. ). In this regard, more detailed species investigation is required to distinguish whether their distribution pattern is attributed to their biological characteristics or if it is their ecological tolerance that is the significant factor. Moreover, the irregular and patchy distortion of stygofauna sometimes limits their application as biological indicator thus, the improvement of data sets is required by increasing sampling frequency within an aquifer and focusing the investigations on distinct spatial scales, from a larger regional scale of GW bodies (>100 km 2 ) to small local aquifers (few km 2 ). A better understanding of the shifts in stygofauna patterns (diversity, distribution and turnover) in relation to changes in environmental conditions at distinct scales is also required.
CONCLUSION
The main focus of this study was to identify the response of In conclusion, the results provided by the current study suggest that the stygofauna assemblage carries informative signals to detect gradual salinity changes of the aquifer.
The pattern of stygofaunal community composition and distribution in the Querença-Silves aquifer varied among the wells and was linked to the variation in GW salinity, water depth and distance to the estuary. Stygobites species were revealed to be more suitable indicators of saline exposure while epigean species may be used for more acute disturbance. Our findings showed that saline water intrusion into the Querença-Silves aquifer might be indi- 
